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The b lue  s t e l l a r  object  which has been i d e n t i f i e d  wi th  the  s t rong  

1 3 Scorpius x-ray source emits about 10 a s  much energy i n  the  x-ray 

reg ion  as i n  t h e  v i s i b l e  region.  

t h a t  t he  v ib ra t ions  of a compact s t a r  wi th  a massive e l ec t ron  degenerate 

core might be ab le  t o  shock-heat a surrounding coronal  region which 

could have these  p r a p e r t i e s .  

I n  a previous note2 one of us suggested 

This idea has been t e s t e d  through a 

3 v a r i e t y  of hydrodynamic model ca l cu la t ions  . It has been found t h a t  

even with overopt imis t ic  assumptions about t h e  parameters,  t h e  r e s u l t i n g  

x-ray emission f a l l s  a t  l e a s t  t w o  orders  of magnitude shor t  of t h e  

4 x 1 0 ~ ~  erg/sec.  which appears t o  charac te r ize  t h e  Scorpius source.  

4 Meanwhile, Shklovsky has suggested t h a t  t he  Scorpius x-ray source 

i s  a member of a c lose  binary pa i r  of s t a r s .  He proposed t h a t  one 

of t he  s t a r s  i s  a neutron s t a r  and t h a t  it i s  r ap id ly  acc re t ing  mass from 

i t s  companion. The r e l e a s e  of g r a v i t a t i o n a l  p o t e n t i a l  energy then  

c r e a t e s  hot  plasma which r ad ia t e s  thin-source bremsstrahlw-g i n  t h e  

x-ray region.  

I n  t h i s  note we consider some geae ra l  p rope r i t e s  of mass a c c r e t i o n  

m t n  a com_uact s t a r .  We then  point out some d i f f i c u l t i e s  w i t h  

Shklovsky's suggest ion and suggest an a l t e r n a t i v e  model. 

It should f i r s t  be noted t h a t  t h e r e  i s  an  upper l i m i t  t o  t h e  r a t e  

a t  xhich mass can accre teonto  a s ta r ,  which r e s u l t s  when the  outgoing 

r a d i a t i o n  s t r e s s  on t h e  i n f a l l i n g  ma te r i a l  becomes equal  t o  the  grav i -  

t a t i o n a l  s t r e s s .  This  condition i s  
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where 0 i s  the  Thomson s c a t t e r l n g  c ross  sec t ion ,  L i s  the  luminosity 

generated by the  i n f a l l i n g  mater ia l ,  N i s  Avogadro's number, and p 

i s  the  mean mass per  e l ec t ron .  For a s t a r  of one s o l a r  mass, with 

'e 

i s  considerably l a rge r  than  needed t o  account f o r  t h e  luminos i t ies  of 

x-ray sources .  For r easom which w i l l  emerge below, we take  the  t o t a l  

luminosity of t he  Scorpius source t o  be a t  l e a s t  four t imes the  apparent 

x-ray luminosity,  or  about 1 . 6 ~ 1 0 ~ ~  erg/sec 

T 

0 e 

= 4/3, t h e  r e s u l t i n g  maximum luminosity i s  l ~ x l O ~ ~  erg /sec . ,  which 

I n  t h e  following d iscuss ion  the  following p a t t e r n  of events w i l l  

be inves t iga ted .  The i n f a l l i n g  ma te r i a l  i s  o p t i c a l l y  t h i n  arid t h e  

time requi red  t o  cool  by r a d i a t i o n  i s  long compared t o  t h e  i n f a l l  t ime.  

When the  l n f a l l  i s  ha l t ed  the  re leased  g r a v i t a t i o n a l  p o t e n t i a l  energy 

is  converted t o  gas k i n e t i c  energy; t h e  plasma remains o p t i c a l l y  t h i n .  

The temperature c h a r a c t e r i s t i c  of t h e  r e s u l t i n g  t h i n  source bremsstrahlung 

is est imated.  The absorpt ion and reemisslon of r a d i a t i o n  by the  under- 

l y i n g  s t e l l a r  sur face  is  a l s o  considered. 

When t h e  i n f a l l i n g  ma te r i a l  i s  h a l t e d ,  t h e  re leased  g r a v i t a t i o n a l  

p o t e n t i a l  energy i s  comer ted  i n t o  gas k i n e t i c  energy. The m a x i m u m  

(coronal  temperature which thus  r e s u l t s  i s  

where p i s  the  mean molecular weight, G i s  t h e  g r a v i t a t i o n a l  cons tan t ,  

M is  t h e  s t e l l a r  mass, and we have assumed t h a t  t he  conversion takes  

p l ace  a t  t h e  s t e l l a r  r a d i u s  R .  For a s t a r  of one s o l a r  mass, with 
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11 OK . This high tempera- 
6 For a neutron s t a r  R = 10 

t u r e  ind ica t e s  t h a t  t h e  gas contains  r e l a t i v i s t i c  e l ec t rons ,  but  

cor rec t ions  f o r  r e l a t i v i s t i c  e f f e c t s  need not be made a t  the  present  

em., and Tc M 7x10 

crude l e v e l  of our considerat ions.  For a white dwarf we t ake  R M 2x10 a 
em., and hence Tc M 3x10’ OK. 

It i s  a l s o  poss ib le  t o  es t imate  t h e  pressure  a t  t h e  coronal  l e v e l  

where these  high temperatures are produced. 

t r anspor t  f o r  f r e e l y - f a l l i n g  ma te r i a l  w i l l  be equal  t o  t h i s  p re s su re .  

The f r e e - f a l l  v e l o c i t y  i s  

The r a t e  of momentum 

1 

( 3 )  

The mass flux necessary t o  produce the  t o t a l  s t e l l a r  luminosity i s  

Hence 

from which we f i n d  

2 No 
kTcp c PfVf  = -  

I.1 

The coronal  s c a l e  height  i n  t h i s  reg ion  i s  

N kT R2 o c  H =  c GMW 

( 5 )  

(7) 
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Hence f o r  one s o l a r  mass t h e  amount of ma te r i a l  overlying th i s  po in t  

i n  the  corcna i s  

2 For a neutron s t a r  P H = 1.17  gm./cm. . For t h e  gamma-rays which w i l l  

be r ad ia t ed  i n  t h i s  case ,  t he  e f f e c t i v e  cross  sec t ion  i s  l e s s  than  

the Thomson cross sec t ion .  Thus t h e  o p t i c a l  depth i s  not t o o  l a r g e  

and t h e  incoming ma te r i a l  can r ad ia t e  without much absorp t ion .  How- 

c c  

ever ,  f o r  a white dwarf PcHc = 16.5 gm./cm.2, which ind ica t e s  t h a t  t h e  

above crude p i c t u r e  is  not qu i te  co r rec t ;  t h e  i n f a l l i n g  ma te r i a l  w i l l  

s t o p  close to t h e  photosphere. It i s  necessary t o  determine where the  

r a d i a t i o n  w i l l  occur i n  t h i s  case.  

O f  course,  t h e  i n f a l l i n g  mater ia l  i s  not stopped completely, s ince  

t h e  incoming mass f lux  must be cons tan t .  Let us consider the  f r a c t i o n a l  

energy r a d i a t i o n  AE/E of t h e  mater ia l  a s  it moves through a coronal  

s c a l e  he ight  with t h e  p rape r t i e s  estimated above. The r a t e  of energy 

r a d i a t i o n  by thin-source bremsstrahlung’ i s  - 2x10-27 T2 n n 

where n and n, a r e  the  number d e n s i t i e s  of e l ec t rons  and ions .  We 

w r i t e  t h e  energy loss  r a t e  as 2x10-27 T2 No P/4V erg/gm.sec. The 

time required t o  move through a s c a l e  height  i s  Hc/v, and the  energy 

ava i l ab le  f o r  r a d i a t i o n  i s  E = GM/R per gram. 

1 
e r g / ~ m . ~ s e c . ,  e i  

e I 

2 

Hence 

1 2  
-27 No - =  -- AE 2x10 

4p2 v GM E 

From ( 2 ) ,  (4), (6), and (7 )  we have 
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For one s o l a r  mass t h i s  becomes 

-4 For a neutron s tar  t h i s  i s  5.5~10 , showing t h a t  negl ig ib le  r a d i a t i o n  

occurs before the  i n f a l l i n g  m a t e r i a l  i s  slowed and a t t a i n s  i t s  high 

temperature.  

i nd ica t e  t h a t  t he  gas energy w i l l  be r ad ia t ed  away as the  mater ia l  slows 

down, but it must be remembered t h a t  a f u l l  s ca l e  he ight  of gas i s  

o p t i c a l l y  th i ck ,  and t h e  value of AE/E by t h e  time t h e  ma te r i a l  has 

penetrated t o  a depth of - 1 grn.cm.2 i s  - 1.5/16.5 $=: 0.09. 

t h i s  case a l s o  t h e  mater ia l  a r r i v e s  i n  t h e  v i c i n i t y  of t he  photosphere 

wi th  most of i t s  energy i n t a c t .  

For a white dwarf s tar  AE/E=  1.5. This appears t o  

Hence i n  

If a l l  of t h e  re leased  energy were t o  be r ad ia t ed  a s  blackbody 

r a d i a t i o n  from t h e  photosphere, t h e  photospheric temperature would be 

With L = 1 . 6 ~ 1 0 ~ ~  erg /sec . ,  

10 
T = T  1.22xlO 

R2 e 

For a neutron s t a r  t h e  photospheric temperature w i l l  be - 1 . ~ ~ 1 0 ~  OK, 

and f o r  a white dwarf it w i l l  be - 8.6~10~ OK. These temperatures 
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a r e  very much lower than t h e  coronal temperatures .  Hence it i s  evident  

t h a t  a s t e e p  temperature gradient must be s e t  up near the  photosphere. 

We must consider thermal conduction of energy i n  the  presence of 

such a temperature g rad ien t .  

where h i s  t h e  c o e f f i c i e n t  of thermal conduct iv i ty  and z i s  t h e  

v e r t i c a l  d i s tance  i n  t h e  atmosphere. 

The conducted energy flux i s  hdT/dz, 

6 For an ionized gas we may take  

For t he  purpose of a crude estimate l e t  us wr i t e  f o r  the  r a t i o  of t he  

energy conducted out of t h e  photospheric s c a l e  he igh t ,  during t h e  time 

of passage of ma te r i a l  through the  s c a l e  he ight ,  t o  t he  energy content  

of t he  sca l e  height  as 

For one solar mass t h i s  is  1.8x10~O/R~/~. For a neutron s tar  the  

5 r e s u l t  i s  1.8~10 , i nd ica t ing  t h a t  conduction can most e a s i l y  remove 

t h e  thermal content of t h e  gas during i t s  motion toward the  photosphere.  

This  conclusion would not be a l t e r e d  if a proper r e i a z i v i s t i c  irt:atiiieiit 

had been used. For a white dwarf s t a r  t h e  r a t i o  i s  0.32. However, 

for t h i s  case a b e t t e r  es t imate  would be 0.32~16.5 = 5.3, and again 

conduction can remove much of t h e  thermal content  of t h e  gas during 

i t s  motion toward the  photosphere. 

I n  t h e  case of t he  neutron s t a r  it i s  evident  t h a t  a very small  

temperature grad ien t  i s  s u f f i c i e n t  t o  conduct away the  energy flux from 
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t h e  coronal region.  H e x e  the  t.emperature grad ien t  w i l l  not become 

s t e e p  u n t i l  very near  the  pho5osphere. I n  both kinds of s t a r  t h e  s t e e p  

p a r t  of t he  temperature gradient  thus  occurs wi th in  a photospheric 

pressure  sca l e  he ight  ar,d both  temperature and dens i ty  w i l l  change 

rxpid ly  a t  almost constant pressure 

It i s  f u r t h e r  evident t h a t  t h e  conductive t r anspor t  of energy w i l l  

no longer be ab le  t o  exceed the  mass t r a n s p o r t  when the  temperature 

i s  lower, s ince  t i e  thermal conduct ivi ty  v a r i e s  as a f a i r l y  high power 

of t h e  temperature.  

r a t e s  a r e  equal  a t  t h e  r a d i a t i o n  temperature of t h e  gas ,  and hence 

We may roughly est imate  t h a t  t h e  two t r anspor t  

t h i s  r a d i a t i o n  temperature w i l l  be the  coronal temperature reduced 

by t h e  expression i n  equat ion (11) r a i s e d  t o  the  power 2/7. Hence i n  

t h e  above example t h e  neutron star would r a d i a t e  thin-source 

bremsstrahlung a t  a temperature near  2 . ~ 1 0 ~ ~  OK, and t h e  white dwarf  

would r a d i a t e  a t  a temperature near '&lo9 OK. 

It i s  evident  t h a t  we do not f i n d  support  i n  these  r e s u l t s  f o r  

Shklovsky's suggest ion t h a t  the Scorpius x-ray source r e s u l t s  from 

mass a c e r e t i m  m t o  ?. neiit..1-on star. .  For neutron s t a r s  t h e  r ad ius  

i s  a r a t h e r  i n s e n s i t i v e  func t ion  of the  mass', and hence any reasonable 

adjustment of t h e  parameters i n  the  expressions given above w i l l  not 

s i g n i f i c a n t l y  lower the  temperature a t  which t h e  i n f a l l i n g  ma te r i a l  

w i l l  r a d i a t e .  Mass acc re t ion  onto neutron s t a r s  should give combination 

x- ray  and gamma-ray sources .  The x - rad ia t ion  r e s u l t s  from t h e  

absorp t ion  of t h e  thin-source bremsstrahlung by t h e  photosphere and 

i t s  r e r a d i a t i o n  i n  a blackbody spectr im.  Half of the  s t e l l a r  

luminosi ty  w i l l  a r i s e  from t h i s  process ,  so  t h a t  equation (10) should 



be modified t o  become 

9 

Thus t h e  blackbody spectrum of a neutron s t a r  i n  om example should 

have a temperature of LO7 OK. 

It i s  a l s o  evident t h a t  we have a much b e t t e r  chance of f i t t i n g  

t h e  parameters of t he  Scorpius source i f  we assume a model with mass 

acc re t ion  onto a white dwarf .  The masses and r a d i i  of white dwarfs 

a r e  inverse ly  cor re la ted ,  and hence a much wider v a r i a t i o n  i n  parameters 

i s  poss ib l e .  Since i n  our previous example the  r a d i a t i o n  temperature 

has come out t oo  high, we must choose a lower mass which w i l l  have 

a l a r g e r  r a d i u s .  It i s  immediately evident  from equat ion (11) t h a t  

t h e  conductive t r anspor t  of energy w i l l  then  become much l e s s  e f f i c i e n t ,  

and t h e  star w i l l  r a d i a t e  a t  more near ly  i t s  coronal  temperature.  

From t h e  t abu la t ed  models of white dwarf s t a r s  , it can r e a d i l y  be 8 

found t h a t  a white dwarf w i t h  a mass near  0 .2  s o l a r  masses w i l l  have 

a coronal  temperature near  lo8 OK. 
9 Its  r ad ius  w i l l  be about 1 . 4 ~ 1 0  

em. k ' o r  this case tne  upper limit m i  t h e  l.iu?iiinaity fram t h e  rzd ia t inr?  

stress condi t ion i s  3 x 1 0 ~ ~  e rg / sec . ,  which i s  somewhat h igher  than  t h e  

apparent Scorpius luminosity.  The t o t a l  r a t e  of mass i n f a l l  needed 

t o  produce t h i s  luminosity i s  about one s o l a r  mass per  10 years .  5 

These numbers a r e  suggestive of t he  r e s u l t s  obtained f o r  t h e  

evolu t ion  of a c lose  binary p a i r  of s t a r s  by Kippenhahn, Weigert, 

and Kohl 9'10. I n  t h e i r  model the  s t e l l a r  primary t r a n s f e r s  mass t o  
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t h e  secondary a f t e r  reaching the  r e d  g i a n t  phase; t he  t r a n s f e r  time i s  

l e s s  than  10 years ,  The remnant s e t , t l e s  down as a white dwarf s t a r  

of 0.26 s o l a r  masses; it has a hydrogen-rich envelope and hence a some- 

what l a r g e r  r ad ius  than  a pure helium white dwarf .  If such an objec t  

e x i s t s  i n  t h e  Scorpius x-ray source system, we w w l d  t he re fo re  lower 

t h e  est imate  of coronal temperature somewhat. Of' course,  we would 

see the  system a t  a l a t e r  s tage  than  ind ica t ed  by t h e  f i n a l  models of 

Kippenhahn and Weigert, when the  secondary had a l s o  evolved t o  t h e  

r ed  g i a n t  s t age  and is  t r a n s f e r r i n g  mass back t o  the  o r i g i n a l  primary. 

5 

8 0  For M = 0.2 s o l a r  masses and T = 10 K, t he  r a t i o  of coronal  e 

pressure  t o  photospheric pressure would be increased over t h e  previous 

es t imate  by a f a c t o r  - 30. 
be increased by a f a c t o r -  10 , so t h a t  t h e  i n f a l l i n g  ma te r i a l  w i l l  

r a d i a t e  thin-source bremsstrahlung before  the  bu lk  k i n e t i c  energy 

has been f u l l y  converted t o  thermal energy. From these  r e s u l t s  it i s  

evident  t h a t  an e f f e c t i v e  photosphere w i l l  develope i n  the  i n f a l l i n g  

ma te r i a l ,  and hence conductive e f f e c t s  w i l l  not be important.  The 

es t imate  f o r  t h e  coronal temperature i s  t o o  high a l s o  f o r  t h i s  reason.  

A s t e e p  temperature grad ien t  w i l l  be s e t  up near t h e  e f f e c t i v e  photo- 

sphere.  A s  t he  v e l o c i t y  of the  i n f a l l i n g  ma te r i a l  w i l l  r ap id ly  

decrease along t h i s  temperature grad ien t  according t o  t h e  con t inu i ty  

equat ion ( b ) ,  t h e  bulk  of t h e  th in-source  bremsstrahlung w i l l  be 

produced i n  a narrow s h e l l  near t h e  photosphere.  

From equat ion (9 )  we s e e  t h a t  AE/E would 

3 

From equat ion ( 1 2 )  we see t h a t  t h e  photospheric temperature 

requi red  t o  r e r a d i a t e  t he  absorbed x-ray energy w i l l  be 3.3~10~ OK. 
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The spectrum w i l l  therefore  be peaked near  t h e  44-60 angstrom band i n  

which Byram, Chubb, and Friedman'' have observed an add i t iona l  component 

of x - r ad ia t ion  from t h e  Scorpius source .  Their  es t imate  of t h e  i n t e r -  

s t e l l a r  opacity a t  44 angstroms i s  based on an assumed H/He r a t i o  of 

7, but  we p r e f e r  t o  assume double t h i s  number, which would be more 

c h a r a c t e r i s t i c  of s o l a r  abundances. A t  an assumed d is tance  of 200 

parsecs ,  and wi th  an i n t e r s t e l l a r  gas dens i ty  of one H atom p e r  cubic 

cent imeter ,  44 angstrom r a d i a t i o n  i s  a t tenuated  by one order  of magnitude. 

Hence, i n  the  absence of a t tenuat ion ,  Byram e t  a1 should have seen 

about 10 

a luminosity of - 4 x 1 0 ~ ~  erg/sec.  i n  t h i s  band from the  Scorpius 

source.  This i s  an order  of magnitude h igher  than the  above d iscuss ion  

-- 
-6 2 erg/cm. s e e .  i n  t h e  44-60 angstrom band, corresponding t o  

of our model would ind ica t e .  

However, we do not be l ieve  tha t  t h i s  i s  necessa r i ly  a d i f f i c u l t y  

wi th  our  model. We have seen t h a t  t h e r e  i s  a r ap id  t r a n s f e r  of mass 

through t h e  photosphere.  

source corresponds t o  t h e  r a d i a t i o n  s t r e s s  l i m i t ,  wi th  much of t he  

If the  t o t a l  luminosity of t h e  Scorpius 

g r a v i t a t i o n a l  energy r e l ease  occurring in s ide  t h e  photosphere, then  

t h e  photospheric luminosity could be higher  than  the  x-ray luminosity 

by a s u b s t a n t i a l  f a c t o r .  The white dwarf mass could a l s o  be s u b s t a n t i a l l y  

h ighe r  than  0.2 s o l a r  masses. 

It i s  unl ike ly  t h a t  t h e  rapid r a t e  of mass t r a n s f e r  t o  the  white 

dwarf s tar  can continue f o r  a very long per iod without producing 

s i g n i f i c a n t  e f f e c t s  i n  t h e  white dwarf i t s e l f .  When a t h i c k  hydrogen- 

r i c h  sur face  l aye r  has been added, t he  hydrogen-burning s h e l l  source 
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w i l l  be ac t iva t ed ,  and the re  may be an i n s t a b i l i t y  which w i l l  l ead  t o  

nova explosions which w i l l  prevent t he  t o t a l  mass from increas ing  

t o o  r a p i d l y .  

Since the  b inary  companion w i l l  f i l l  i t s  Lagrangian sur face  i n  

order  t o  car ry  out rap id  mass t r a n s f e r ,  it w i l l  subtend t o  s o l i d  angle  

a t  t h e  white dwarf - IT. Hence - 1/4 of t h e  white dwarf luminosity 

w i l l  be absorbed and r e rad ia t ed  by t h e  companion. There w i l l  be a 

l a rge  v a r i a t i o n  i n  the  r a d i a t i n g  temperature,  but  i ts  genera l  range 

w i l l  be of t he  order  T -  (T,/41TRc a)', where Rc i s  t h e  r a d i u s  of the  2 l  

11 
companion. If we t a k e  L- 8 x 1 0 ~ ~  erg /sec .  and R e -  2x10 em., 

4 0  then  T -  4x10 K .  

The thin-source bremsstrahlung r a d i a t i o n  w i l l  have a low-energy 

t a i l  which w i l l  make a s u b s t a n t i a l  cont r ibu t ion  t o  the  o p t i c a l  

emission, a s  observed. The r e r a d i a t i o n  by the  white dwarf i s  peaked 

a t  a s u f f i c i e n t l y  high energy t h a t  t he re  w i l l  be no s u b s t a n t i a l  

con t r ibu t ion  i n  t h e  v i s i b l e .  On t h e  o ther  hand, t h e  r e r a d i a t i o n  by 

t h e  companion is  peaked a t  a s u f f i c e n t l y  low temperature t h a t  a 

s u b s t a n t i a l  v i s i b l e  cont r ibu t ion  i s  l i k e l y .  We would the re fo re  

expect a va r i ab le  v i s i b l e  luminosity,  with a r egu la r  component due 

t o  o r b i t a l  motion and an i r r e g u l a r  component due t o  va r i ab le  gas 

streams between the  stars. The emission l i n e s  could we l l  vary with 

r e spec t  t o  the  continuum i n  t h i s  model. 

We a r e  indebted t o  D r s .  D.B.  Melrose, S . E .  Kayser, W . D .  Arne t t ,  

S . A .  CoLgate, and H.  Friedman f o r  valuable  d iscuss ions .  This research 

has been supported i n  p a r t  by grants  from t h e  Nat ional  Aeronautics 

and Space Administration. 
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